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Abstract The pseudorabies virus (PRV; also known as
Suid herpesvirus-1) is a neurotropic herpesvirus of swine.
The us7 and us8 genes of this virus encode the glycoprotein
I and E membrane proteins that form a heterodimer that is
known to control cell-to-cell spread in tissue culture and in
animals. In this study, we investigated the effect of the
deletion of the PRV us7 and us8 genes on the genome-wide
transcription and DNA replication using a multi-time-point
quantitative reverse transcriptase-based real-time PCR
technique. Abrogation of the us7/8 gene function was
found to exert a drastic but differential effect on the
expression of PRV genes during lytic infection. In the
mutant virus, all kinetic classes of viral genes were sig-
nificantly down-regulated at the first 6 h of infection, while
having been upregulated later. The level of upregulation
was the highest in the immediate-early (IE) and the early
(E) genes; lower in the early-late (E/L) genes; and the
lowest in the late (L) genes. The relative contribution of the
L transcripts to the global transcriptome became lower,
while the rest of the transcripts were expressed at a higher
level in the mutant than in the wild-type virus.
Keywords Pseudorabies virus  Herpesvirus 
Glycoprotein  RT-PCR  Transcriptome
Introduction
Pseudorabies virus (PRV), an alphaherpesvirus, is an
important pathogen of swine, responsible for Aujeszky’s
disease [1]. The productive infection of this virus is char-
acterized by the expression of viral genes in a temporal
cascade of immediate-early (IE), early (E), early-late (E/L),
and late (L) genes. The PRV genome comprises 67 protein-
coding and several non-coding genes, many of which were
identified in our recent studies [2, 3]. The us8 and us7
genes encode the membrane glycoproteins E (gE) and I
(gI), respectively, which form heterodimers [4, 5], and are
thus often mentioned as gE/gI proteins. These genes are
well-conserved across alphaherpesviruses, and are involved
in the control of cell-to-cell spread in both cultured cells
and animals [6–8]. This dimeric protein molecule binds to
the Fc receptors at mucosal surfaces [9], and plays a role in
sorting virion particles to cell junctions [10]. It has been
demonstrated that spreading of the virus along the axons in
an anterograde manner requires the presence of both pro-
teins [11, 12]. The gE/gI heterodimer along with the US9
protein was also shown to be required for the axonal
transport of viral capsids and glycoproteins in an antero-
grade manner [13–16]. Although the replication of viral
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DNA has been described to be unaffected in us7/us8
mutants, their virulence is attenuated even in cell cultures
due to the reduced efficiency of virion formation and direct
cell-to-cell spreading [17]. The level of attenuation is
severely increased when glycoprotein M (gM) was also
deleted [18]. The gE and gI proteins may also have sepa-
rate functions, seeing that the gE null mutant is less viru-
lent than the gI mutant [19]. However, gE/gI mutants
exhibit few, tractable phenotype in cultured cells [19].
Glycoproteins E and I are intensely investigated due to
their importance in many aspects of the PRV lifecycle.
Revealing the molecular mechanisms of viral spread leads
not only to a better understanding of the virus itself, but
also paves the way for designing better anti-viral drugs or
vaccines [20, 21]. Furthermore, the mutation of us7/us8
genes is important in studies on the mapping of neural
circuits because it eliminates the spreading capability of
PRV in an anterograde manner, and thereby rendering this
virus an ideal retrograde multi-synaptic tracing tool
[22–24].
In this study, we characterized the dynamic transcrip-
tome of us7/us8-deleted PRV in comparison with the wild-
type (wt) virus, using a multi-time-point quantitative
reverse transcriptase-based real-time PCR (MTP-RT2-
PCR) technique. We used high multiplicity of infection
[MOI = 10 plaque forming unit (pfu)/cell] in order to
evaluate the effect of the mutation on the gene expressions,
which is not associated with the reduced spreading
characteristics.
Materials and methods
Cell culture and virus
Immortalized porcine kidney (PK-15) epithelial cells were
used for the propagation of PRV. Cells were grown in
DMEM (Gibco/Thermo Fisher Scientific), supplemented
with 5% fetal bovine serum (Invitrogen/Thermo Fisher
Scientific) and 80 lg of gentamycin per ml (Invitrogen/
Thermo Fisher Scientific) at 37 C in an atmosphere of
95% air, 5% CO. The wt Kaplan strain of PRV was used as
a parental virus for the generation of the mutant virus. PK-
15 cells were infected with three different doses of the
mutant virus: low (MOI = 0.1); medium (MOI = 1); and
high (MOI = 10) multiplicity of infection. Viral gene
expressions were monitored from 1 h until 24 h post-in-
fection (p.i.).
Generation of us7/us8-KO PRV
The construction and characterization of the us7/us8-null
mutant PRV were published in our previous report [24].
Briefly, the BamHI-7 fragment of the viral genome—
containing the gE and gI coding region—was isolated and
subcloned to pRL525 cloning vector. The 1,855-bp StuI–
AgeI DNA fragment was replaced with an EcoRI linker.
The GFP reporter gene cassette was modified to contain
EcoRI sites at both ends, and this construct was inserted in
place of the StuI–AgeI fragment. Removal of the 1855 bp
fragment from the PRV genome resulted in the inactivation
of both us7 and us8 genes of the virus (Fig. 1).
DNA purification
PK-15 cells were infected with wt or us7/us8-deleted PRV
(10 pfu/cell) and incubated for 1, 2, 4, 6, 8, 12, 18, or 24 h
pi. DNA was isolated from the cells with Qiagen DNeasy
Blood & Tissue Kit following the manual’s Spin-Column
Protocol for Purification of Total DNA from Animal Blood
or Cells. The quantity of DNA was measured by Qubit 2.0
Fluorometer, using Qubit dsDNA BR Assay Kit (Life
Technologies/Thermo Fisher Scientific). The purified DNA
samples were stored at -20 C until use.
RNA isolation
PRV-infected PK-15 cells were washed in PBS and har-
vested for RNA purification at 1, 2, 4, 6, 8, 12, 18, and 24 h
pi. Total RNAs were extracted from the infected cells with
Nucleospin RNA Kit (Macherey–Nagel) according to the
manufacturer’s recommendations. Briefly, cells were col-
lected by low-speed centrifugation and lysed in a buffer
(supplied with the kit). Samples were treated with RNase-
free rDNase solution to eliminate potential DNA contam-
ination. RNA samples were eluted in RNase-free water
(included in the kit) in a total volume of 60 ll. Next,
possible residual DNA contamination was removed using
TURBO DNA-free Kit (Ambion/Thermo Fisher Scientific).
Concentration of total RNA was measured by Qubit 2.0
Fluorometer (through use of the Qubit RNA BR Assay Kit
(Life Technologies/Thermo Fisher Scientific). The RNA
samples were stored at -80 C until use.
Multi-time-point RT2-PCR
Purified total RNAs were reverse-transcribed with gene-
specific primers (Supplementary Table 1) using Super-
Script III enzyme (Invitrogen/Thermo Fisher Scientific) as
described in our earlier studies [25, 26]. Briefly, RT mix-
tures containing RNA, primer, SuperScript III reverse
transcriptase, buffer, dNTP mix were incubated at 55 C
for 1 h. The reaction was terminated by keeping the sam-
ples at 70 C for 15 min. The cDNAs were diluted tenfold
with nuclease-free water (Ambion/Thermo Fisher Scien-
tific) and then subjected to real-time PCR reactions, which
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were carried out using a Rotor-Gene Q cycler (Qiagen).
The reactions were performed using ABsolute QPCR
SYBR Green Mix (Thermo Fisher Scientific as published
in our previous articles [25]. No-RT, no-primer, no-tem-
plate controls, as well as loading control (swine 28S rRNA)
were used to ensure the accuracy. Purified viral DNA was
also used as a control to verify the specificity of the pri-
mers. All RT2-PCR experiments were carried out in three
biological replicates (the standard error values are pre-
sented in Supplementary Table 2).
Calculation of relative expression ratios (R values)
The R values of the genes were calculated using the fol-
lowing formula:
R ¼ ðEsample6hÞ
Ctsample6h
Esample
 Ctsample
:
ðEref6hÞCtref6h
Erefð ÞCtref
:
The cDNAs were normalized to the cDNAs of the 28S
rRNAs of swine [25] using the Comparative Quantitation
module of the Rotor-Gene Q software v.2.3.1.49 (Qiagen),
which automatically sets the cycling thresholds and cal-
culates the efficiency of PCR reactions sample-by-sample.
We used the average 6 h ECt values of the ‘‘samples,’’ with
those of the ‘‘references’’ as controls, as in our earlier
works [25, 26]. The R values of the viral DNAs were
calculated similarly; the 6 h ECt values were taken as the
control, and porcine 28S rRNA gene was used as the ref-
erence. The effect of the mutation on the global gene
expression was calculated using Rr, the ratio of the R
values of the us7/us8-null mutant and the wt viruses (Rr-
= Rus7/us8D/Rwt), where Rus7/us8D/Rwt are the R values of
a particular gene at a given time point in the mutant and wt
genetic background, respectively. A high Rr value indicates
an inhibitory effect of the gE and/or gI proteins on the gene
expression level of a given gene in the wt PRV.
The net increase in the mRNA level (RD) was calculated
as was shown earlier [27, 28], RD = R(t?1)-Rt. 28S RNA
gene was used as a reference gene since ribosomal RNAs
are not substrates of the VHS ribonuclease [27]. Rn and
values Rnr values were calculated using the DNA copy
number as was previously described [29]: Rn = Rus7/
us8D:RDNA-us7/us8D; Rnr = Rus7/us8D:RDNA-us7/us8D/Rwt:RDNA-
wt.
Calculation of Rx, Rx0, and Rx0r values
The mean expression value (ECt) of all examined mRNAs
(total) in a given sample was used as a normalization factor
for the transcripts (sample) real-time quantitative PCR data
as described earlier [30] to obtain Rx values. Here we used
the ECt values for the calculation of the expression values
instead of using the Cts alone.
Rx ¼
E
Ctsample
sample
E
Ctother
other
Rx0 ¼ Rxsample
Rxall
Rx0r ¼ Rx
0us7=us8D
Rx0wt
.
Pearson’s correlation analysis
Pearson’s correlation coefficient (r) was calculated to
analyze the change of the gene expression pattern, using
the following formula [31]:
r ¼
Pn
i¼1
ðXi  XÞðYi  YÞ
ðn 1ÞSxSy
.
The Pearson correlation coefficient (r) is a number
between -1 and ?1 that measures the linear relationship
between two variables (X and Y), which are the Rx values of
the same gene in different genetic backgrounds. X and
Y are the average values, n is the sample number, and SX
and SY are the standard errors of the mean values for X and
Y, respectively. A positive r value means a positive asso-
ciation, while a negative value for the correlation indicates
an inverse association.
Fig. 1 Genetic structure of the mutant virus The us7/us8-KO virus was generated by the deletion of the 1855-bp StuI–AgeI fragment from the
PRV genome
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Results
Transcriptional kinetics of us7 and us8 genes
in wild-type PRV
In this part of our study, we characterized the transcription
kinetics of us7 (Supplementary Fig. 1A) and us8 (Supple-
mentary Fig. 1B) genes in the wt background under three
different infection conditions: high (MOI = 10), medium
(MOI = 1), and low (MOI = 0.1) multiplicity of infection.
Our data show a weak titer-dependence in the expression of
these genes in both the amount and transcription dynamics
of the transcripts: they exhibit a typical E/L kinetic pattern;
that is, their expressions start at a low level during the early
phase of infection, followed by an increase at the mid-
phase, and reaches the highest rate at late time points. The
only exception is the 1 to 2-h period in the US7 transcript
in MOI = 1 infection, where the transcript level drops at
this interval of infection.
The effect of the us7/us8 deletion on the expression
of PRV genes
In this work, we compared the expression levels of 37 PRV
genes in wt and mutant (PRVus7/us8-KO) backgrounds
throughout a 24 h period of viral infection. PK-15 cells
were infected with high titer (MOI = 10) for both viruses.
Comparison of the global transcriptome of the two viruses
revealed a relatively higher level of gene expression at the
first 6 h in all of the three kinetic classes in the wt virus
genes (Rr = RgEgID/Rwt\ 1) (Table 1). However, this
trend reversed in the late phase of infection: with some
exceptions, the genes of the mutant virus were expressed in
relatively higher levels. For the us6 and us9 genes, a spe-
cial reason may account for the irregular behavior: they are
bracketing the deleted region, therefore, their expressions
are likely to be affected by the genetic modification itself
[e.g., us6 and us7 genes share a common poly(A) signal].
These two genes were removed from the further analysis.
Comparison of the impact of the mutation on the different
kinetic classes of PRV genes revealed that at the early
phase of infection, the L genes are affected to the greatest
extent (lowest average transcript level), while at the later
period, the expression of IE and E genes are those affected
the most (highest average transcript level) (Supplementary
Table 3, Supplementary Fig. 2). The increase of gene
expression in the mutant virus is the largest in the ep0 gene,
which produces up to 23.66-fold transcript level compared
to the wt virus (Table 1).
In order to evaluate the effect of the us7/us8 deletion on
the expression dynamics of the PRV genes, Pearson’s
correlation coefficients were calculated for the R values of
the average values of the kinetic classes of the genes in the
two viruses (Supplementary Table 4). As a result, we
determined that the mutation exerted a moderate global
effect on the transcription dynamics of PRV genes: a
higher effect on the average E gene expression
(r = 0.804), an intermediate effect on the average E/L
genes (r = 0.825), and a less significant effect on the
average L genes (r = 0.915). However, comparison of the
RD values of mRNAs of the two PRV revealed that deletion
results in an unexpected trend in gene expression dynam-
ics: except in three genes in four time points, the transcript
levels continuously increase within the 1–12 h infection
period in the mutant virus, while this tendency cannot be
clearly observed especially in the E genes of the wt virus
(Supplementary Table 5). The same is true for the 12–18 h
interval, where the genes of the null mutant behave in a
more regular manner (global decrease of transcript levels)
than those of the wt virus.
Analysis of the relative contribution of RNA
molecules to the global transcripts
In this analysis, the Rx0 values were calculated to show the
alteration of the relative contribution of a transcript or a
group of transcripts to the total viral transcriptome
throughout the 24 h examination period. Based on the Rx0
values, our investigations, among others, uncovered that at
the relative contribution of L gene products to the global
transcriptome is much less in the mutant than in the wt
virus at the late infection period, despite the fact that the L
genes are expressed at a higher level in an absolute sense in
the us7/us8-KO virus throughout this period. This is con-
trary to the other three kinetic classes of the PRV genes,
which contribute to a higher proportion to the global
transcriptome at the late stage of infection (Fig. 2).
Figure 3 shows that the deletion of the two glycopro-
teins exerts the highest effect on the relative contribution of
transcripts at the late stage of infection. Our data demon-
strate that the mutation has an effect on the ie180 opposite
to that on the other PRV genes. The IE gene has very high
relative amount at the first 2 h of viral infection, as well as
at the late phase (12, 18, and 24 h pi), while the other genes
produced a relatively higher amount of transcripts at the
mid-phase (8 h). The gene deletion caused the highest
effect on the relative amount of the ie180 gene, moderate
on E genes, low on the expression of E/L genes, while the
lowest effect was observed in the L kinetic class.
Pearson’s correlation coefficients were calculated to
examine the relationship between the ie180 and the other
genes in the mutant and the wt PRVs using the Rx values
(Supplementary Table 6). Pairwise comparisons of the Rx
values of the ie180 gene with the average Rx values of
other PRV genes by Pearson analysis revealed a very high
606 Virus Genes (2017) 53:603–612
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Table 1 Rr values of the examined PRV genes
Kinetics Gene EARLY/EARLY-LATE PHASE OF INFECTION LATE PHASE OF INFECTION
1h 2h 4h 6h 8h 12h 18h 24h
IE ie180 0,16 0,29 0,21 0,35 1,63 6,02 6,82 3,19
E ul54 0,03 0,15 0,43 0,42 4,84 3,19 4,85 5,02
E ul52 0,12 0,25 1,21 1,15 12,13 6,01 2,54 1,49
E ul50 0,09 0,55 0,51 0,74 4,26 3,18 6,01 4,78
E ul29 0,25 0,25 0,31 0,95 10,18 10,83 5,85 4,21
E ul30 0,11 0,12 0,48 0,69 4,94 5,27 2,83 4,44
E ul36.5 0,12 2,38 0,34 0,8 4,03 2,13 0,63 3,23
E ul23 0,05 0,24 0,25 0,54 2,54 7,51 3,12 3,94
E ul21 0,4 0,35 0,39 0,51 1,31 2,78 2,09 2,68
E ul9 0,09 0,23 0,31 0,74 2,4 2,89 1 1,88
E ep0 0,33 0,52 1,05 5,58 10,2 23,66 23,11 18,51
E us3 0,08 0,05 0,1 0,49 1,8 3,29 2,85 3,43
E/L ul43 0,22 0,36 0,57 0,7 2,64 3,85 6,64 2,26
E/L ul20 0,25 0,13 0,85 0,37 3,16 2,63 4,77 5,05
E/L ul15 0,08 0,3 0,18 0,35 1,82 3,65 4,37 4,94
E/L ul14 0,12 0,24 0,4 0,82 4,86 4,56 2,02 2,52
L ul51 0,01 0,19 2,79 1,68 5,64 2,64 3,89 3,94
L ul49.5 0,11 0,3 0,28 0,37 1,31 1,55 3,2 4,4
L ul48 0,1 0,13 0,27 0,32 1,52 1,71 2,08 1,72
L ul32 0,19 0,14 0,25 0,49 1 1,73 1,61 3
L ul33 0,22 0,33 0,62 0,84 3,07 4,01 3,99 2,7
L ul37 0,11 0,24 0,29 0,57 1,46 2,13 1,68 1,33
L ul38 0,01 0,02 0,17 0,28 0,58 1,8 1,21 2,03
L ul41 0,22 0,2 2,06 2,73 9,99 7,04 5,44 1,58
L ul42 0,1 0,14 0,15 0,33 1,13 1,7 1,53 3,47
L ul44 0,11 0,19 0,11 0,17 0,38 0,36 1,16 0,81
L ul24 0,66 1,1 0,44 0,78 2,7 3,13 2,97 3,29
L ul22 0,24 0,25 1,18 0,6 3,39 3,42 4,39 3,14
L ul19 ND ND 0,31 0,44 0,71 2,21 1,04 0,76
L ul17 0,05 0,11 0,18 0,44 1,35 2,29 1,81 1,45
L ul10 0,09 0,09 0,53 0,35 0,76 1,61 1,93 2,14
L ul6 0,11 0,04 0,35 0,64 1,55 3,57 3,1 7,53
L ul5 0,01 0,01 0,1 0,72 0,81 4,73 0,99 6,76
L ul1 0,2 0,42 0,48 0,55 1,26 2,21 2,22 3,4
L us1 0,03 0,22 0,12 0,25 1,89 4,56 4,41 8,76
E/L us6 0,04 0,1 0,05 0,08 0,09 0,17 0,21 0,4
E/L us9 0,07 0,07 0,19 0,22 0,67 1,34 2,09 1,93
This table shows thatmost of the examined genes (30 of the 37) have higher expression rates at each time pointwithin the first 6 h period of infection in thewt
virus in all of the examined timepoints.Thewhite color (Rr \ 1) indicates anmRNAlevel that is lower in thewt than in themutantPRVat a certainperiodof
infection, while the black (Rr [ 1) indicates the opposite: with two exceptions, the mutant virus produces a higher amount of transcript than the wt virus
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correlation for both the wt and mutant viruses (rwt = 0.939
and rKO = 0.987). The r values show that the mutation
exerts different effect on the late gene than on the other
kinetic classes of genes: the correlation remains very high
between the ie180 and the E and E/L genes in both the wt
and mutant PRVs and became high in L genes in the
mutant (r = 0.950), while this is not the case in the wt
virus (r = -0.262).
The expression of the ie180 gene is correlated
with the expressions of PRV genes in the us7/us8
mutant
We previously reported that the expression of the ie180
gene, the major transactivator of the virus, exhibited
moderate correlation with the expressions of the other
genes in the wt virus [27]. Our recent calculation of
Fig. 2 The relative contributions (Rx0) of the four kinetic groups of
PRV genes to the global transcriptome. These plots illustrate the
pairwise comparisons of the average Rx0 values of the four kinetic
classes. The relative contribution of the IE and E genes are the highest
at 1 h pi, the E/L genes rich their maximum at 2 h pi, and the L genes
became higher from 4 h pi in both genetic backgrounds. The effect of
the us7/us8 gene deletion on the relative contribution of genes to the
total transcriptome can be seen at the late phase of viral infection
(from 4/6 h pi). The IE, E, and E/L genes have higher Rx0 values in the
mutant virus, while the L genes are inverse, they have higher relative
contribution in the wt PRV
608 Virus Genes (2017) 53:603–612
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Pearson’s r values between the relative copy numbers
(R values) of ie180 and the other genes reveal a high
correlation for the us7/us8 null mutant (r = 0.904), while
only a very low correlation was found again for the wt virus
(r = 0.343) (Supplementary Table 7A). No significant bias
was observed in the r values toward any kinetic class of
PRV genes. Pearson’s coefficient was also measured to
assess the correlation between the expressions of ie180
gene in the two viruses. The obtained data show a rather
weak correlation between the expression patterns (Sup-
plementary Table 7B). Comparison of the Rr values of the
ie180 mRNAs with those of other examined viral genes
Fig. 3 The ratio of relative contribution of RNAs between the two
genotypes (Rx0r values) was calculated for the four kinetic classes.
a The ratio of relative contribution of the ie180 gene is inverse
compared to the other genes. b The Rx0r value of the ie180 gene is the
highest at the beginning of infection, it decreases after 2 h pi, then
increases until 18 h pi. The Rx0r values of the other genes from the E,
E/L, and L kinetic groups are lower at the beginning, and have higher
Rx0r values at 4 and 6 h pi. The ie180 gene has extremely high
Rx0r values at the late stage of infection, the E genes have moderate
high, the E/L genes lower, and the L genes the lowest values. c Log
scale representation of Rx0r values shows that the mutation has the
highest effect on the relative contribution of ie180 gene, and the
lowest effect on the L genes
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Table 2 Heatmap visualization of the ratios of the mRNAs of the us7/us8-deleted and the wt viruses normalized to the relative copy number of
the DNAs (Rrn = Rus7/us8D:RDNA- us7/us8D/Rwt:RDNA-wt)
Gene 1h 2h 4h 6h 8h 12h 18h 24h
IE ie180 0.43 0.53 0.28 0.40 2.69 7.22 8.53 5.52
E ul36.5 0.33 4.38 0.47 0.91 6.64 2.56 0.79 5.59
E ul30 0.30 0.23 0.65 0.79 8.14 6.33 3.54 7.68
E ul29 0.67 0.46 0.42 1.09 16.77 13.00 7.32 7.29
E ul50 0.24 1.02 0.69 0.85 7.02 3.82 7.52 8.27
E ul52 0.33 0.46 1.64 1.31 19.99 7.21 3.18 2.58
E ul54 0.09 0.28 0.58 0.48 7.97 3.83 6.08 8.68
E ul21 1.09 0.64 0.52 0.57 2.15 3.34 2.61 4.63
E us3 0.21 0.08 0.14 0.56 2.97 3.94 3.57 5.93 30
E ep0 0.90 0.95 1.42 6.35 16.82 28.40 28.93 32.01 20
E ul23 0.15 0.45 0.33 0.62 4.18 9.02 3.90 6.81 15
E ul9 0.23 0.42 0.42 0.84 3.96 3.48 1.26 3.26 12
E/L ul20 0.67 0.25 1.15 0.42 5.21 3.16 5.97 8.73 8
E/L ul14 0.32 0.45 0.55 0.94 8.01 5.48 2.52 4.36 5
E/L us6 0.11 0.19 0.06 0.10 0.15 0.21 0.26 0.70 3
E/L us9 0.20 0.13 0.26 0.25 1.10 1.61 2.62 3.34 2
E/L ul15 0.20 0.56 0.24 0.40 3.00 4.38 5.47 8.54 1.5
E/L ul43 0.59 0.66 0.78 0.79 4.36 4.62 8.32 3.92 1
L ul49.5 0.29 0.56 0.38 0.43 2.16 1.86 4.00 7.61 0.8
L ul51 0.02 0.36 3.78 1.91 9.30 3.17 4.87 6.81 0.6
L ul48 0.27 0.24 0.37 0.36 2.51 2.06 2.61 2.98 0.4
L ul41 0.59 0.37 2.79 3.10 16.47 8.45 6.81 2.73 0.2
L ul32 0.51 0.26 0.34 0.56 1.64 2.08 2.02 5.19 0
L ul33 0.59 0.61 0.84 0.95 5.06 4.81 4.99 4.68
L us1 0.08 0.41 0.16 0.28 3.12 5.48 5.52 15.15
L ul5 0.02 0.02 0.13 0.81 1.34 5.68 1.24 11.69
L ul1 0.54 0.77 0.65 0.63 2.08 2.65 2.78 5.88
L ul10 0.25 0.17 0.72 0.40 1.25 1.94 2.42 3.70
L ul19 0.42 0.50 1.18 2.66 1.30 1.31
L ul44 0.31 0.35 0.15 0.20 0.62 0.43 1.46 1.40
L ul22 0.64 0.46 1.61 0.69 5.58 4.11 5.50 5.42
L ul24 1.77 2.02 0.60 0.89 4.45 3.75 3.72 5.69
L ul6 0.28 0.07 0.47 0.73 2.55 4.28 3.88 13.02
L ul38 0.03 0.04 0.23 0.32 0.96 2.16 1.51 3.52
L ul42 0.26 0.26 0.20 0.37 1.86 2.04 1.91 6.00
L ul17 0.14 0.21 0.25 0.51 2.22 2.75 2.27 2.51
L ul37 0.29 0.44 0.40 0.65 2.41 2.56 2.10 2.30
The Rrn values were very low beween 1 and 6 h pi. There was a significant change in the period 6–8 h pi, when the Rrn values became high
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123
show a differential correlation in the expression dynamics
between the ie180 and the other PRV genes (Supplemen-
tary Table 7C). The increase of the ie180 mRNA level in
the us7/us8 knockout virus compared to the wt PRV (Rr)
shows strong correlation in all of the kinetic groups.
Abrogation of gE/gI protein function exerts a strong
effect on the ep0 expression
The ep0, similar to the other genes, is expressed in a lower
level in the mutant virus than in the wt at the first two
examined time points. The ep0 has the highest Rr value at
the 1 h pi, and second highest Rr value at 2 h pi. The ep0
gene is among the few exceptions which has a higher Rr
from 4 h p.i. in the mutant than in the wt background. The
Rr values of the EP0 transcripts are the highest at 6, 12, 18,
and 24 h pi, while the third highest value is obtained at 8 h
p.i.. Pearson’s correlation analysis between the ep0 gene in
the two viruses indicates a robust impact of us7/us8-dele-
tion on the expression kinetics of the ep0 gene (Supple-
mentary Table 7D). Intriguingly, the ep0 expression is
highly correlated with that of ie180 in the KO mutant virus
(r = 0.965). This is not at all the case in the wt PRV, where
there is no linear relationship between their expression
patterns (r = -0.02) (Supplementary Table 7E). Further-
more, there is a very strong correlation between the EP0
mRNAs and the other transcripts (r = 0.943 on average),
while there is an inverse correlation between them
(r = - 0.690) in the wt virus (Supplementary Table 7F).
The effect of the us7/us8 gene deletion on the DNA
synthesis and on the gene expression from a single
PRV genome
We determined that abrogation of the us7 and us8 function
did not significantly affect the DNA replication of the
mutant PRV (Supplementary Fig. 3A). The activity of PRV
genes were normalized to the relative copy number of the
DNA molecules, which allows for the comparison of the
gene expressions with the corresponding copy number of
the DNA at the examined time points. The ratios of the
normalized R values (Rrn = Rnus7/us8D/Rnwt) showed that
the expression from a single gene was very low at the early
phase of viral infection, two times lower in the mutant than
in the wt virus within the period 1–6 h pi with a few
exceptions (Table 2 and Supplementary Table 8). This
tendency was dramatically changed at 8 h pi, when the
transcription levels of genes were higher (five times higher
in an average, Supplementary Table 8) in the mutant PRV
than in the wt virus. Some genes (ep0, ul52, ul29, ul41,
us1) produced [ 15 times more transcripts from a single
copy of the genes in the mutant than in the wt virus. The
Rnr values were the highest for the average E genes (9.01),
lower for the E/L genes (5.11), and the lowest for the L
genes (3.11). The gene expression rate was significantly
decreased after the initiation of DNA replication (Supple-
mentary Figs. 3B and 3C). In the wt background, a
decrease in the rate of transcription started from 2 h p.i. for
all the kinetic classes, the average expression rate was
about eightfold less at 8 h pi than at 2 h pi (R8h/R2h). In the
mutant virus, the decrease in the rate of transcription of the
IE180 and E transcripts started 2 h p.i. while a 2-h delay
was observed in case of the E/L and L transcripts compared
to the wt PRV.
Discussion
In this study, we investigated the role of gE/gI protein,
which may be unrelated with spreading by the analysis of
the impact on the mutation on global transcriptome. Our
results reveal that the deletion of the us7 and us8 genes of
PRV leads to significant overall reduction of gene
expressions in the first 6 h p.i. in every kinetic class of
genes without bias toward any of them. However, later
(8–24 h pi), the genes are upregulated in the mutant virus
compared to the wt virus. This facilitatory effect was much
higher on the E and E/L genes compared to the L genes,
which is indicated by the decrease of the relative contri-
bution of L gene products to the global viral transcript in
the null mutant. Additionally, the expressions of individual
genes in the mutant virus fit much better to the general
trends (increase or decrease of gene expression in certain
periods of infection) than in the wt background. This
phenomenon may be related to the effect of the mutation
on the ie180 gene encoding the major transactivator of
PRV, or with the dramatic upregulation of ep0 another
transcription factor gene, which may play a role in the
synchronization of gene expression, which we have
assumed earlier [28]. We detected a high correlation
between ie180 and the other PRV genes in the mutant
virus, while this was not the case in the wt virus. The
following hypothetical scenario can be put forward: the us7
and us8 gene products somehow exert an effect on the
transcription of ep0 gene, which controls the expression
and/or activity ie180 gene and/or gene products. The
mutation did not exert significant change on the DNA
replication; therefore, we propose that it cannot be
responsible for the observed characteristics of the mutant
virus.
In this study, the us7 and us8 genes have been deleted in
a single step. Both genes are part of bicistronic transcrip-
tional units (us6-us7 and us8-us9) with common tran-
scriptional terminals, and therefore we cannot exclude that
the mutation also exerts an effect on the partner genes.
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